Figure 1. Purification of the TIP60 Complex
(A) The TIP60 complex was purified from a nuclear extract prepared from FLAG-HA epitope-tagged TIP60 (eTIP60)-expressing HeLa cells (lanes 1 and 3). As a control, we performed mock purification from a nuclear extract prepared from nontransduced HeLa cells (lanes 2 and 4). The TIP60 complex was immunoprecipitated on anti-FLAG antibody-conjugated agarose from nuclear extracts, and the bound materials were eluted with FLAG peptide (lanes 1 and 2). The eluates were further purified on anti-HA antibody-conjugated agarose in a similar way (lanes 3 and 4). Proteins were resolved by SDS-PAGE and stained with Coomassie brilliant blue. The major polypeptides specific to the fraction purified from the eTIP60-expressing cells are indicated. The asterisk denotes eTIP60 degradation products. (B) The TIP60 complex purified by FLAG antibody, corresponding to lane 2 in (A), was further purified on a 10%-30% glycerol gradient by centrifugation. After fractionation, each fraction was resolved by SDS-PAGE and visualized by silver staining (top) and Western staining with anti-FLAG antibody (bottom). Input (IP) was also analyzed by silver staining. The polypeptides that comigrate with eTIP60 are indicated. Note that the 50 and 60 kDa polypeptides appearing in lanes 5 and 6 are clearly distinct from p50 and eTIP60 in the original silver-stained gel, as judged by their mobility and the color of the bands. cells with defective double-strand break repair and that 2) was separated on a 10%-30% glycerol gradient by ultracentrifugation ( Figure 1B) . A Western blot analysis transformed cells loose their apoptotic competence. These results provide a glimpse into a fascinating web with FLAG antibody revealed at least two forms of eTIP60: a slowly sedimenting form (bottom panel, fracof interactions that link the TIP60 histone acetylase complex to the area of DNA repair and apoptosis. tions 1 and 2) and a faster sedimenting form (fractions 7 and 8). Since a slowly sedimenting form was not detected when a nuclear extract was fractionated (data Results not shown), this could represent the free form or a partial complex of TIP60 that was produced during purification.
Purification of the TIP60 Complex
A silver-stained SDS-PAGE gel of these fractions (top TIP60 was purified from HeLa cells stably expressing panel), together with Western blots with various antibod-FLAG-HA epitope-tagged TIP60 (eTIP60). Western blot ies against associated proteins (Figures 3B and 4A, and analyses of nuclear extracts fractionated by glycerol unpublished data), showed that the faster sedimenting gradient centrifugation showed that eTIP60-expressing form of eTIP60 comigrates with all associated proteins cells contained about twice the amount of TIP60 as identified in the doubly affinity-purified material (Figure nontransduced cells but that all of the TIP60 is present in 1A). These data suggest that all these polypeptides high molecular weight fractions corresponding to sizes might belong to the large complex. larger than the 670 kDa molecular weight marker (data not shown). eTIP60 was purified from nuclear extracts by affinity chromatography on anti-FLAG antibody-conThe TIP60 Complex Can Acetylate Nucleosomes We tested the histone acetylase activity of the TIP60 jugated agarose, and the bound polypeptides were eluted with the FLAG peptide under native conditions complex with either free core histones or polynucleosomes (Figure 2 ) as substrates. Consistent with an ear-( Figure 1A, lane 2) . As a control, we performed a mock purification from a nuclear extract prepared from nonlier report (Yamamoto and Horikoshi, 1997), recombinant TIP60 protein acetylated histones H2A, H3, and H4 transduced HeLa cells (lane 1). The FLAG affinity-purified materials were further purified by immunoaffinity when free histones were used as substrates (lane 1). However, it did not acetylate nucleosomal histones eichromatography with anti-HA antibody (lanes 3 and 4). After the second affinity purification, at least 12 proteins ther in the presence or absence of linker histones (lanes 2 and 3). In contrast to recombinant TIP60 protein, the that specifically associate with TIP60 were identified.
The FLAG affinity-purified complex ( Figure 1A , lane TIP60 complex efficiently acetylated nucleosomes even 
Acts on Nucleosomes
(B) PAF400 and TIP60 cosediment in glycerol gradient centrifugaThe histone acetylase activity was measured using either free core tion. The TIP60 complex purified on a 10%-30% glycerol gradient, histones (lanes 1 and 4), linker histone-containing polynucleosomes which corresponds to the samples shown in Figure 1B , was stained (lanes 2 and 5), or linker histone-stripped polynucleosomes (lanes with anti-PAF400 antibody after SDS-PAGE. 3 and 6) as substrates. Acetylase assays were performed with equimolar amounts of recombinant TIP60 protein (lanes 1-3) and the TIP60 complex (lanes 4-6). After separation by SDS-PAGE, the gel RuvB-Like Proteins, ␤-Actin, and the Actin-Related Figures 1B and 3B) . Our results showing that PAF400 is common to both the been identified in the BAF chromatin-remodeling complex . Likewise, the actin-related TIP60 and PCAF complexes suggest that PAF400 plays a similar role in these histone acetylase complexes.
proteins Arp7 However, the ATPase activity in purified TAP54␤ was considerably lower than that of the purified TIP60 complex when an equal amount of TAP54 was used for the assay ( Figure 4D ). Given that both recombinant TAP54␣ and ␤ were presthe Holliday junction binding protein RuvA under physiological conditions (for review, see West, 1997). Nevertheent as a low molecular weight form ( Figure 4C ), we investigated the possibility that TAP54␣ and ␤ may form a less, further experiments are required to determine factor(s) responsible for binding to Holliday junction in the heteromeric complex. To reconstitute the TAP54␣/␤ complex, equimolar recombinant TAP54␣ and ␤ were TIP60 complex. Next, we tested the ATP requirement for DNA helicase incubated in vitro and were analyzed on a Superdex 200 gel filtration column. The peak fractions eluting around activity of the TIP60 complex. Unexpectedly, significant DNA helicase activity was observed even in the absence an apparent molecular mass of 500 kDa were rechromatographed on the same column ( Figure 4C ). TAP54␣ of ATP ( Figure 5E, lane 2) . A slight stimulation was observed by adding ATP to the assay system (lanes 3-6). and ␤ coeluted from the gel filtration column at a stoichiometric ratio ( Figure 4E) . Importantly, the ATPase On the other hand, when the TIP60 complex was preincubated with the nonhydrolyzable ATP analog ATP␣S activity of the reconstituted complex was significantly stronger than that of the individual subunits, although prior to the helicase assay, the activity was inhibited ( Figure 5F, lanes 8-10) . However, when ATP␣S was it was somewhat weaker than that of the TIP60 complex ( Figure 4D ). From these results, we conclude that added in the beginning of the helicase assay, no obvious inhibition was detected (lanes 5-7). These results sug-TAP54␣ and ␤ form a stoichiometric complex and that this multimerization is crucial for efficient ATP hydrogest that the TIP60 complex may have endogenous ATP in the complex and utilize it when bound to substrates. lysis. revealed that the total level of TIP60 is about twice that ity and its directionality (defined as a 5Ј to 3Ј or 3Ј to 5Ј of nontransduced HeLa cells and that at least 80% of polarity relative to the strand of DNA first bound by the TIP60 derived from the mutant form. enzyme), the 52-mer oligonucleotide was annealed with To determine whether TIP60 histone acetylase activity φX174 virion single-stranded DNA, digested asymmetrimakes a contribution to double-strand break repair, cally with endonuclease HpaII, and then labeled at the double-strand repair kinetics in the mutated TIP60-3Ј ends as illustrated in Figure 5C . The 24-mer fragment expressing cells were compared with those of the wildwas specifically released from this template by incubattype TIP60-expressing cells as well as with those of ing with the TIP60 complex ( Figure 5D, lane 3) but not parental nontransduced cells. Fractions of fragmented by incubating with the mock control (lane 2), indicating DNA caused by double-strand breaks were analyzed by that the TIP60 complex possesses intrinsic 3Ј to 5Ј DNA pulsed-field gel electrophoresis at various time points helicase activity. On the other hand, recombinant TAP54␣, TAP54␤, and TAP54␣/␤ complex failed to show after ␥-irradiation. As shown in Figures 6B and 6C , the mutated TIP60-expressing cells failed to repair doubledetectable helicase activity ( Figure 5D, lanes 4-9) . Thus, we conclude that the RuvB-like TAP54␣ and ␤ are not strand DNA breaks efficiently. The most striking defect was observed during the first 30 min: while almost 40% sufficient for DNA helicase activity under our assay con- 32 P-labeled S1 and unlabeled S2 substrates, each having heterologous single-strand tails denoted in light gray and dark gray, were annealed to form a Holliday junction. In the case of a fully homologous substrate, S2, spontaneous branch migration results in the formation of two duplex products (top). To create a semimobile Holliday junction, the S1 substrate was annealed with the second S2(⌬1) branch migration substrate containing a single internal base deletion, which acts as a barrier against spontaneous branch migration and prevents dissociation of the Holliday junction into two duplex products (bottom). Three-way junctions were prepared by annealing the S1 substrate with short S2(s) substrate (middle). An asterisk denotes the et al., 1998) , allowing badly damaged cells to be deleted. We attempted to determine whether the mutated TIP60-expressing cells retain such signaling. After 12 hr of ␥-irradiation, apoptosis was strongly induced in parental and the wild-type TIP60-expressing cells (Figure 7) . In contrast, the TIP60 mutant-expressing cells were resistant to apoptosis, indicating that TIP60-dependent double-strand break repair is likely to be involved in signaling the existence of damaged DNA to the apoptotic machinery. Moreover, if Holliday junctions turn out to be the preferred target DNA structure of the TIP60 complex in vivo, this would indicate that the cell monitors not only the existence of recombinogenic lesions (such as double-stranded DNA breaks) but also the later intermediates of recombination (i.e., the Holliday junction).
The TIP60 Complex Binds to Structural DNAs
These results were obtained in HeLa cells, which are functionally deficient in p53, due to expression of the Papilomaviral E6 protein. Therefore, at a minimum, TIP60 activity can modify radiation-induced apoptotic responses independent of p53 activity. These results do not exclude a potential additional role for TIP60 in p53-dependent apoptotic responses.
Discussion
Although TIP60 is a previously identified histone acetylase, the TIP60 monomer is unable to acetylate chromatin (Yamamoto and Horikoshi, 1997). However, the multimeric TIP60 complex does display such activity, indicating that this complex can act on native substrates. In addition to histone acetylase activity on chromatin, the TIP60 complex has ATPase, DNA helicase, Recent studies have described the purification and characterization of the yeast NuA4 complex, which contains a histone acetylase, ESA1, that is related to TIP60. this observation, the NuA4 complex has no detectable ATPase activity (J. Cô té , personal communication). This As reported here for the TIP60 complex, the NuA4 complex contains TRA1, Act1, and Act3/Arp4, which are difference between the human and yeast complexes may reflect dissociation of the RuvB-related subunits related, respectively, to PAF400, ␤-actin, and BAF53 (Allard et al., 1999; Galarneau et al., 2000) . However, from the yeast NuA4 complex during purification. Alternatively, there might be no link between the RuvBRuvB-related subunits cannot be detected in the purified NuA4 complex by Western blotting; consistent with related subunits and the histone acetylase in yeast. tion mixture was separated by 10% PAGE with TBE buffer and visualized by autoradiography. Antibodies Antibodies employed were as follows: rabbit polyclonal antibody Double-Strand Break Repair and Apoptosis Assays against PAF400 was described previously (Vassilev et al., 1998); Cells were irradiated with a 137Cs source (12 Gy) at 4ЊC and incurabbit polyclonal antibodies against TAP100 and TAP54␤ were bated at 37ЊC. At the indicated times, cells were harvested and used raised against fragments containing residues 2-200 and 155-337, for double-strand break repair and apoptosis assays. Cellular DNA respectively; and anti-RUVBL1/TAP54␣ antibody (Qiu et al., 1998) was analyzed by pulsed-field gel electrophoresis as described was kindly provided by Dr. Anindya Dutta.
(Scully et al., 1999). For apoptosis assay, cells were stained with annexin V and PI, and then analyzed by flow cytometry, according Histone Acetylase Assay to the manufacturer's protocol (BioVision, Palo Alto, California). Core histones were purified from chicken erythrocytes as previously described (Simon and Felsenfeld, 1979). Chromatin was prepared Acknowledgments from chicken erythrocytes as described before (Simon and Felsenfeld, 1979) except that no hydroxyapatite chromatography was perWe would like to thank colleagues in the Livingston and Nakatani formed, and the micrococcal nuclease digestion was adjusted to labs for many helpful discussions; Xuetong Shen and Carl Wu for give ‫01ف‬ nucleosome fragments. The resulting polynucleosomes advice on the DNA helicase assay; Anindya Dutta for RUVBL1 antiwere further purified by glycerol gradient centrifugation in the presbody; and Birgit An der Lan (BAAR Biomed) for editing the manuence of 0.34 M NaCl (to obtain linker histone-containing chromatin) script. or 0.6 M NaCl (to obtain linker histone-depleted chromatin) and then dialyzed against 10 mM Tris-HCl buffer (pH 8) containing 0. 
